The development of Chemical Vapour Deposition (CVD) diamond detectors requests for novel signal amplifiers, capable to match the superb signal-to-noise ratio and timing response of these detectors. Existing amplifiers are still far away from this goal and are the dominant contributors to the overall system noise and the main source of degradation of the energy and timing resolution.
I. INTRODUCTION
Recent progress in the growth of Chemical Vapour Deposition (CVD) diamonds is challenging readout electronics developers. Because of its large bandgap of 5.5 eV and very low Boron and Nitrogen impurity concentrations <1-5 ppb [1] CVD diamond has a negligible intrinsic noise at room temperature. In fact, the mean leakage current of a typical device is less than 1 pA. Combining this with a very high carrier mobility of about 2×10 −4 c/(V/µm), allowing for a complete charge collection in few ns (8 ns for 500 µm thick device biased at 1 V/µm), results in an intrinsic noise charge collected within the duration of the signal of the order of ∼0.05 electrons. Except for very slow, cryogenic, charge sensitive amplifiers, able to reduce the RMS noise to a few electrons, such precision is out of reach of modern fast amplifiers. Indeed, the best broadband amplifiers have input referred noise RMS of 10 4 electrons corresponding to the input referred noise of 10 µV (50 Ω input impedance) in 8 ns signal. Even conventional charge amplifiers with 50-300 µs decay time have more than 200 electrons RMS noise. Therefore, for diamond detector applications the dominant (by three-five orders of magnitude) source of noise is the readout electronics.
In the present note we present a series of tests on various fast amplifiers aimed to identify the best solution for nuclear and particle physics applications. These applications demand a measurement of both the energy released in the bulk of the diamond by ionizing particles and the time. These tests were performed using various radioactive sources.
II. EXPERIMENTAL SETUP
We selected a 4.7 x 4.7mm2, 500 um thick single crystal CVD diamond detector capacitance can be estimated according TO the plain We selected 4.7×4.7 mm 2 , 500 µm thick single crystal CVD diamond detector produced by Diamond Detectors Ltd [4] . The crystal has two electrodes deposited on its upper and lower major surfaces, made of few nm of DLC followed by 100 nm of Gold. Each contact is bonded via a gold microwire onto PCB and then to its SMA connector in such a way that both contacts can be read out independently. Detector capacitance can be estimated according to the plane capacitor equation (neglecting eventual fringe field contribution): 
This result is in good agreement with the value measured by HP 4280A capacimeter.
The diamond detector was polarized at 1 V/µm by means of Ortec 710 Bias Supply.
This value remains below detector breakdown voltage (at 1.4 V/µm discharges, likely to be attributed to crystal defects or contact disuniformity, occur) allowing for complete charge collection [3] .
In the present work, we used two types of readout: one-side readout, shown in Fig. 1 and two-side readout, shown in Fig. 2 . The one-side readout was used to characterize energy resolution of of various amplifiers. In this case the diamond was polarized by applying 1 V/µm bias voltage from the readout side and the other contact was connected to ground. The two-side readout was used to study ideal timing resolution of the CVD diamond detector. Indeed, the major contribution to both energy and timing resolutions come from the readout electronics and in particular from the first amplification stage. Using the same diamond detector signal read out independently from opposite sides by two separate amplifiers allows to study the electronic contribution to the timing resolution using realistic signals.
For single amplifier characterization measurements the diamond detector was connected to the amplifier input through a 2.4 cm Huber & Suhner SMA "I" connector, while the second SMA connector of the detector was shorted to ground by SMA tap. The overall capacitance of the system in front of the amplifier ("I" connector, two SMA connectors of detector case and SMA tap) was found to be 6.6 pF.
The amplifier output was connected to the digitizer via 1. The ADC core internal trigger signal can be extended from its natural length of 4 ns up to 128 ns by configuring bits 14-10 of SIS3305 TRIGGER GATE GT THRESHOLDS ADC1 (0x2020) register. This 5-bit word allows to modify the coincidence time window with precision of 4 ns.
It has to be mentioned that since many firmware blocks were provided in a precompiled form we had to follow its existing design. In particular, the data from each ADC input channel acquired at 1.25 Gs/s rate are split in ADC-FPGA in six parallel 208.3
MHz flows. This architecture limits the trigger selectivity in the 2 or 4 channel interleaved modes. Indeed, the length of trigger-valid signal from each ADC channel is 4.8 ns, therefore imposing only one sample above/below threshold in one of interleaved modes (2 or 4 channels) there is a probability to trigger on accidental coincidence of background hits (whose rate R bkg ) in selected channels within ∆t = 4.8 ns time window of (R bkg × ∆t) 2,4 ).
In order to prevent this possible background the continuity of trigger condition among interleaved channels can be activated by an additional configuration flag. Setting bit-15 of SIS3305 TRIGGER GATE GT THRESHOLDS ADC1 (0x2020) register the difference between indexes of trigger samples within 6-sample data blocks from interleaved ADC channels is checked to be not larger than unity.
The coincidence between two ADC cores (channels 1 This modified firmware is available at [5] .
IV. NOISE FIGURE
The noise level referred to the input was measured simultaneously with signal acquisition by comparing the voltages in the samples before the signal peak to the baseline voltage. This was done for the full digitizer sampling rate of 5 Gs/s and summing four interleaved channel amplitudes to restrict the sampling rate to 1.25 Gs/s (SIS3305 digitizer analog bandwidth is We converted these observed noise distributions in projected uncertainty on the collected charge and therefore on deposited energy. To this end we integrated noise output of the amplifier in the same time interval chosen to acquire the signal. The width of the Gaussian distribution of such integrals was extracted. The obtained resolution due to amplifier noise is shown in Fig. 5 . In this graph, charge (Cividec Cx) and transimpedance (Cividec C6) amplifier resolutions are also given for comparison. These were obtained with the same For broadband amplifiers the signal width was taken to be 9 ns corresponding to 500 µm single crystal CVD diamond polarized by 1 V/µm bias.
The results shown in Fig. 5 demonstrate the expected superiority of charge and transimpedance amplifiers in terms of energy resolution. Among broadband amplifiers the best resolution of 150 keV was achieved with CAEN A1423.
V. ENERGY RESOLUTION
The resolution on the measured charge generated by ionizing particle in CVD diamond is dominated by the amplifier noise. Therefore to compare different amplifiers we measured the charge generated by 5.5 MeV α particles produced by 241 Am source placed at 6 mm distance. To calibrate the energy scale we assumed that the peak observed in the spectra corresponded to 5.05 MeV as shown in Fig. 6 . Current amplifiers have poorer resolution, which does not allow to distinguish secondary α peaks at lower energy, leading to almost Gaussian peak shapes. Instead both charge and transimpedance amplifiers show more detailed energy distributions. The experimental resolution was measured for each amplifier by a fit of the observed peak by a Gaussian function.
For charge and transimpedance amplifiers only the high energy side of the peak was fitted.
The measured resolution of all current amplifiers lies around 200 keV FWHM, except for DBA IV amplifier which shows a resolution inferior by a factor two. The experimental resolution of charge and transimpedance amplifiers was found to be larger than the expectation based on their noise. This additional peak broadening is ascribed to fluctuations of α energy loss in the 6 mm of air (about 400 keV).
VI. MINIMAL THRESHOLD
Another important aspect of diamond detector readout is the minimal achievable threshold. This depends on the amplifier noise and gain characteristics. In order to measure the threshold values we used 90 Sr β source with maximum β energy of 2.3 MeV. The digitizer threshold was set to the minimal value that limit noise rate to 100 Hz. The response of the diamond detector, read out by means of different amplifiers, is shown in the left plot of Fig. 7 . For different amplifiers the β decay spectrum is cut at different energies. The cut-off energy determines the minimal achievable threshold. In the right plot of Fig. 7 the values of the threshold estimated as the energy at which the spectrum reaches half of its maximum.
However, because the physical β-spectrum was not flat in energy, at low deposited energies < 250 keV these estimates were not always valid. Indeed, the real threshold of the charge amplifier Cividec Cx was about 50 keV, while the transimpedance amplifier Cividec C6 had the real threshold around 100 keV. Instead, the threshold estimate for the fast current amplifier Wisnam µTA40 came out correctly to be 200 keV. 
VII. PULSE SHAPE AND TIMING RESOLUTION
We performed timing and pulse shape measurements by studying coincidences between signals from the two opposite electrodes of the diamond detector, which were acquired by the SIS3305 digitizer in 5 Gs/s mode. Waveforms of both signals were stored on disk. The timing resolution was determined off-line. First of all the signal shapes were acquired for each amplifier as shown in Fig. 8 in one- The source was located at 6 mm distance from the diamond crystal in Air.
to the naive expectation: which, assuming linear signal rise, can be rewritten as:
where signal-to-noise ratio S/N can be calculated as the input signal peak voltage V peak to the input referred noise RMS V rms noise :
Assuming triangular pulse shape, as in case of signals produced by β particles, the peak voltage can be related to the total energy deposited in the detector as following:
where R in is the amplifier input impedance. The signal width, in turn, can be expressed as following:
where carrier drift velocity v eh for a given bias voltage V bias can be measured as the length of 241 Am α signals:
In our case at V bias = 1 V/µm and d = 500 µm we measured t Am len. = 9 ns. This corresponds to the carrier mean velocity:
Combining the above equations, the input signal peak voltage can be rewritten as following:
Finally substituting this into Eq. 3 we obtain the approximate expression for timing resolution:
In the case of Cividec C2 amplifier V rms noise ∼ 20µV and therefore at E dep = 0.8 MeV we obtain:
The above expression describes well the measured timing resolution for t rise ≃ 613 ps. This value is in agreement with observed rise time in Fig. 9 , and consists of detector capacitance τ in = RC in = 50Ω × 6.6pF = 330 ps, Cividec C2 amplifier risetime of 170 ps and a smaller contribution due to secondary amplifier and cables.
In the case of Cividec C6 amplifier the resolution can be estimated from its sensitivity of 3 mV/fC and its linear gain G ≃ 600:
This combined with the amplifier noise value V rms noise ∼ 6µV gives the timing resolution:
At E dep = 0.8 MeV and Cividec C6 rise time t rise ≃ 5 ns this estimate would imply timing resolution of σ th t ≃ 625 ps, which is factor of 6 larger than the measured σ 
VIII. REMOTE DETECTOR
In many experiments the amplifier cannot be installed close to the detector. Insertion of a cable between detector and the amplifier introduces noise and signal distortions, in partic- The energy resolution variations due to insertion of different cables are different for two 1 However, for another amplifier of the same model we observed reflections also with RG114 cable. amplifiers as shown in Fig. 15 . Cividec C6 amplifier energy resolution changes by about 10% with RG114 and RG62 cables, while no effect is observed for other cables. For Cividec Cx amplifier insertion of any cable leads to 30-40% resolution loss. 
IX. SUMMARY
A number of modern commercial amplifiers for diamond detectors were characterized for typical nuclear and particle physics applications. These include four broadband amplifiers one transimpedance amplifier and one charge amplifier. We compared their energy and timing resolutions in order to select the best candidate for measuring 200 keV deposited energy signals. Among these amplifiers only Cividec C6 and Cividec Cx amplifiers are able to reach energy thresholds as low as 100 keV. However, the latter one is charge amplifier featuring very long signals, not suitable for for timing application. The obtained timing resolution at 200 keV of the only amplifier which met our requirements, the Cividec C6, was found to be 1.2 ns (resolution of two Cividec C6 amplifiers in coincidence), which was factor of 6 larger than our target resolution of 200 ps. This resolution could be further reduced by a factor √ 2 by differential readout of the detector, but would remain factor of 4 above the requirement.
The Wisnam µTA40 amplifier allows to measure 200 keV signals, but the resolution is similar to the one of Cividec C6.
These results call for development of a new amplifier with signal-to-noise ratio improved
